The cytosolic ArPIKfyve-Sac3 complex binds PIKfyve to regulate housekeeping endosomal functions but other tissue-specific interactors and functions are unknown. Results: Brain Synphilin-1 is a novel interaction partner of the ArPIKfyve-Sac3 complex. Conclusion: The ArPIKfyve-Sac3 complex is an effective inhibitor of aggregate formation by Synphilin-1. Significance: The novel molecular means for reducing cytoplasmic aggregates of Synphilin-1 provides new insights into neurodegeneration mechanisms.
role of the ArPIKfyve-Sac3 complex in the mechanisms controlling aggregate formation of Sph1 and suggest that Sac3 protein deficiency or overproduction may facilitate aggregation of aggregation-prone proteins, thereby precipitating the onset of multiple neuronal disorders.
The mammalian phosphatidylinositol (3,5)P 2 (PtdIns(3,5) P 2 ) 2 5-phosphatase Sac3 (gene symbol FIG4) and the scaffolding protein ArPIKfyve (gene symbol VAC14) make a stable cytosolic complex that could spatially and temporarily interact with other proteins (1) . Thus far, the only known interactor is PIKfyve (gene symbol PIKFYVE), the kinase that synthesizes the low abundance signaling lipids PtdIns(3,5)P 2 and PtdIns5P (1) (2) (3) (4) . In the ternary PAS complex (PIKfyve-ArPIKfyve-Sac3), the ArPIKfyve-Sac3 dimer activates PIKfyve at endosomal membranes, where it couples PtdIns(3,5)P 2 , and likely PtdIns5P, synthesis with turnover. PIKfyve, ArPIKfyve, and Sac3 are all evolutionarily conserved proteins encoded by single genes located on human chromosomes 2, 16, and 6, respectively (5) . Importantly, the binary ArPIKfyve-Sac3 complex, in addition to binding and activating PIKfyve, has a profound effect on stabilizing the Sac3 protein in the cytosol. This prevents rapid clearance of Sac3 by the ubiquitin-proteasome system, extending the half-life and increasing the steady-state levels of the phosphatase (6) . Concordantly, knockdown or knock-out of ArPIKfyve results in reduced or undetectable levels of Sac3 (1, (5) (6) (7) . Furthermore, work by us and others has found that the primary molecular defect underlying the pathogenesis of hereditary demyelinating neuropathy CMT4J, a disease caused by compound heterozygosity with one null Sac3 allele and one missense Ile 41 -to-Thr mutation, is a failure in the ArPIKfyvedependent protection mechanism toward the Sac3 I41T mutant form (6, 8, 9) . This leads to rapid Sac3 I41T turnover and practically undetectable Sac3 levels in CMT4J patients (6, 10) .
Sac3 deficiency has also been implicated as a pathogenic cause and/or a risk factor in other heritable neurological disorders such as amyotrophic lateral sclerosis, with heterozygous null mutations (11) (12) (13) , Yunis-Varon syndrome, with biallelic null mutations and complete loss of Sac3 (14, 15) , and bilateral temporo-occipital polymicrogyria, with homozygous A783V missense mutation (16) within the ArPIKfyve-binding region (2) . The ubiquitous presence of the endogenous PAS complex in mammalian tissues and cells (3, 17) together with the ubiquitous ArPIKfyve/Sac3 protein distribution (3, 18, 19) raises the question as to how Sac3 deficiency in both patients and genetically modified null mice results in predominant neuronal defects, whereas other organs remain largely unaffected. Analogously, arpikfyve null mice, which die soon after birth, exhibit profound defects in the nervous system but not in other organs, i.e. liver, kidney, lung, heart, etc. (7) . By contrast, pikfyve hypomorphic mice, which also die soon after birth, have prominent defects not only in the brain but also in all organs tested, including heart, lung, kidney etc., whereas a complete pikfyve systemic disruption results in preimplantation mouse embryo death (17, 20) . Findings for alterations in steady-state levels of PtdIns(3,5)P 2 in opposite directions in mouse models of CMT neuropathies triggered by disruptions of PtdIns(3,5)P 2 phosphatases Sac3 and MTMR2, respectively, also fail to provide a coherent model for the role of PtdIns(3,5)P 2 in the neuropathological mechanism (21, 22) .
We surmised that the soluble ArPIKfyve-Sac3 complex may have yet unknown PIKfyve-independent interactions with neuron-specific proteins that could underlie ArPIKfyve-Sac3 functionality in the nervous system. To this end, here we undertook a proteomic screen of mouse brain lysates using the ArPIKfyve-Sac3 complex as bait and unraveled ␣-synuclein-interacting protein Synphilin-1 (Sph1) (gene symbol SNCAIP) as a new interaction partner of the ArPIKfyve-Sac3 complex. Sph1, a predominantly neuronal protein that promotes aggregation of ␣-synuclein (␣-Syn) (gene symbol SNCA), is a major component of inclusion bodies, or Lewy bodies, found in post mortem brain samples of neurodegenerative ␣-synucleinopathies such as Parkinson's and Lewy body dementia (23) (24) (25) (26) (27) . We further report that the ArPIKfyve-Sac3 complex has a profound ability to reduce the aggregation potential of Sph1 and shift the aggregated protein toward the soluble form. Remarkably, without ArPIKfyve elevation, overexpressed Sac3 itself readily aggregates, potentiating aggregation of Sph1. Our study has identified a novel mechanism of Sph1 aggregation controlled by the ArPIKfyve-Sac3 complex, suggesting that dysregulation of this mechanism may precipitate the onset of Lewy body pathologies and possibly other neurodegenerative disorders.
Experimental Procedures
Antibodies, siRNAs, cDNA Constructs, and Recombinant Proteins-Polyclonal anti-PIKfyve (R7069), anti-Sac3, anti-ArPIKfyve (WS047) affinity-purified on GST-Vac14-(523-782) peptide, anti-GDI2 (R3361) affinity purified on His 6 -GDI2, and anti-HA (R4289) antibodies were described previously (3, 19, 28 -30) . Monoclonal anti-MAP2 antibody (clone AP20) and anti-Myc-producing 9E10.2 hybridoma cells were from Millipore and ATCC, respectively. Polyclonal affinity-isolated anti-GFP (Ab290) and anti-Sph1 antibodies (S5946) were from AbCam and Sigma, respectively. SMARTpool siRNA oligonucleotide duplexes (Dharmacon) targeting human or mouse sequences of ArPIKfyve (M-015729 and M-040510), Sac3 (M-019141 and M-052024), human PIKfyve (M-005058), and control cyclophilin B (D-001136) were characterized elsewhere (1, 3, 19, 29, 31) . GFP-, HA-, and Myctagged cDNA constructs of ArPIKfyve WT , Sac3 WT , or GDI2 WT and of point/truncated mutants Sac3 D488A and ArPIKfyve-(1-511) were described previously (1-3, 19, 30) . Simultaneous expression of His 6 -ArPIKfyve and Sac3 in insect cells by the MultiBac baculovirus system and the purification of the complex on a nickel-agarose resin were described elsewhere (2) . Human Sph1-GFP, Sph1-Myc, and GFP-GFAP constructs were kind gifts from Drs. Michael Sherman, Virginia Lee, and James Goldman, respectively.
Cell Cultures, Treatments, and Transfections-Maintenance of COS7 and HEK293 cells was reported previously (2) . The generation, maintenance, and doxycycline (1 g/ml) treatment of the TetOn HEK293 cell line (23L) to express HA-ArPIKfyve WT were detailed elsewhere (6) . Human neuroblastoma SH-SY5Y cell line was from ATTC. Primary cultures of cortical neurons were prepared from E18 mice (C57BL/6J) as we have described elsewhere (32) . Briefly, cortical brain tissue was collected in complete Hibernate-E medium at 4°C and digested with papain (Worthington, LS 03126) for 30 min at 37°C, which was then inactivated with a trypsin inhibitor (Worthington, LS 003085). Cortical neurons were cultured in neurobasal medium (Invitrogen, 21103) supplemented with B-27, GlutaMax-I, and L-glutamate on poly-D-lysine-coated 22-mm 2 coverslips (placed in 6-well dish) at a density of 2-3 ϫ 10 5 and transfected on day 3 with Sac3-siRNAs or cyclophilin siRNAs (0.08 nmol) using the RNAiMax reagents and protocols from Life Technologies Neurobiology. Forty-eight hours later, the neurons were transfected with the Shp1-GFP cDNA by Lipofectamine 3000 (Invitrogen) at a 0.06% final concentration. Neurons were fixed 24 -48 h post-transfection for microscopy. SH-SY5Y and HEK293 cell transfection with the indicated siRNAs was performed by Lipofectamine RNAiMax. Protein knockdown was validated 72 h post-siRNA transfection by Western blotting or quantitative RT-PCR as detailed previously (1, 6) (see below). Transient transfection of COS, SH-SY5Y, and HEK293 cells with the cDNAs indicated in the figure legends was performed by Lipofectamine 3000. Double transfection of the TetOn HEK293 cell line was performed simultaneously with or prior to doxycycline induction of ArPIKfyve expression, as specified in the figure legends. Where indicated, cells were treated for 24 h post-transfection with MG132 (proteasome inhibitor, 5 M) in the presence or absence of nocodazole (microtubule depolymerization reagent, 5 M) or with the autophagy inhibitors 3-MA (16 h, 10 mM) and chloroquine (16 h, 100 M). Control dishes received corresponding vehicle treatments.
qRT-PCR-To quantify the knockdown of Sac3 in primary cortical neurons, 72 h post-siRNA administration by RNAiMax, total RNA was isolated and transcript levels were determined by qRT-PCR using previously characterized mouse primer pairs for amplification and conditions as detailed elsewhere (6) .
Fluorescence and Immunofluorescence Microscopy-Transfected cells, grown on coverslips, were fixed in 4% formaldehyde in PBS and permeabilized (0.5% Triton X-100 in PBS). Cells were stained with the primary and secondary antibodies indicated in the figure legends. Coverslips were mounted on slides using a SlowFade antifade kit (Molecular Probes). Cells were viewed under a Nikon Eclipse TE200 inverted microscope at ϫ400 magnification using the three standard fluorescence channels (i.e. green for GFP, red for Alexa Fluor 568, and blue for Alexa Fluor 350 signals) and the Hoffman modulation contrast system. Images were captured with a SPOT RT slider charge-coupled device camera (Diagnostic Instruments, Sterling Heights, MI) and processed using SPOT 3.2 and Adobe Photoshop CS6. Where indicated, coverslips were observed by motorized inverted confocal microscope (model 1X81, Olympus, Melville, NY) with an Uplan Apo objective. Images were captured using a cooled charge-couple device 12-bit camera (Hamamatsu).
Immunoprecipitation, Immunoblotting, and Protein Fractionation-Cell lysates were collected in RIPA ϩ buffer (50 mM Tris/HCl buffer, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, and 0.5% sodium deoxycholate), supplemented with 1ϫ protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 5 g/ml leupeptin, 5 g/ml aprotinin, 1 g/ml pepstatin, and 1 mM benzamidine). Lysates from mouse brains (male C57Bl6, 4 months old) were prepared by homogenization in RIPA 2ϩ buffer, containing 1 x phosphatase inhibitors (1, 19) . Immunoprecipitation with the indicated antibodies was performed with precleared lysates (20,000 ϫ g, 15 min, 4°C) and was carried out for 16 h at 4°C with protein A-Sepharose CL-4B added in the final 1.5 h of incubation. Immune complexes were washed four times with RIPA ϩ buffer and then processed by Western blotting. Immunoblotting with the antibodies indicated in the figure legends was performed subsequent to protein separation by SDS-PAGE (6% gels) and electrotransfer onto nitrocellulose membranes as described previously (1, 19) . A chemiluminescence kit (Pierce) was used to detect the horseradish peroxidase-bound secondary antibodies. Triton X-100-soluble versus Triton X-100-insoluble protein fractions of Sph1-GFP or Myc-Sac3 were evaluated in ArPIKfyve-HEK cells with or without ArPIKfyve induction following previously described protocols (30) . Briefly, cells on parallel confluent 35-mm dishes were extracted on ice for 2 min with 0.5% Triton X-100 in PBS containing 1ϫ protease inhibitors or directly solubilized for 10 min at 4°C in RIPA ϩ buffer containing 0.1% SDS to obtain Triton-soluble and total protein fractions, respectively. The Triton-insoluble protein fraction that remained on the first dish was then solubilized in RIPA ϩ buffer containing 0.1% SDS. Equal volumes of the respective fractions were analyzed by immunoblotting with the indicated antibodies.
Sample Preparation and NanoLC-MS/MS Analysis-The Myc-Sac3-HA-ArPIKfyve complex, immunopurified from transfected COS7 cells with a monoclonal anti-Myc antibody and immobilized on protein A-Sepharose CL-4B beads, was incubated with mouse brain lysates for 16 h at 4°C. Anti-Myc immune complexes immobilized on protein A-Sepharose CL-4B beads derived from lysates of nontransfected or Myc-Sac3-transfected COS7 cells were incubated with brain lysates in parallel and served as controls. After extensive washing in RIPA ϩ buffer, the beads were analyzed by SDS-PAGE. Gels were stained with SYPRO Ruby reagent (Lonza). Corresponding gel pieces (ϳ2-mm height) from the control and sample lanes with or without visible protein bands were excised starting from the 100-kDa marker (to avoid the strong bands for IgG, ArPIKfyve, or Sac3) up to nearly the top of the gel. In-gel protein digestion and nanoLC-MS/MS analyses were performed as described previously (33, 34) . Briefly, gel pieces were washed with 50 mM ammonium bicarbonate, reduced in 10 mM DTT at 37°C for 45 min, and alkylated with 55 mM iodoacetamide for 30 min at room temperature. Trypsin (sequencing grade) was then added at 10 ng/l, and digestion was carried out at 37°C for 14 h. The resulting peptides were separated on a reverse-phase C18 column by HPLC using the Dionex Ultimate TM HPLC system. MS and MS/MS spectra were then acquired on an Applied Biosystems mass analyzer (QSTAR XL) using the information-dependent acquisition mode. An MS scan was performed from m/z (mass-to-charge) 400-1500 for 1 s followed by product ion scans on the two most intense multiply charged ions. Peak lists were submitted to the Mascot server to search against the non-redundant NCBI database for all entries with carbamidomethyl used as a fixed modification and oxidation as a variable modification. A protein was considered a hit if it was identified with at least two peptides.
Other Assays, Quantitation, and Statistics-Quantitation of cells with inclusions was performed by counting 25-100 cells/ neurons from Ͼ3 randomly chosen fields per condition in three separate experiments and normalized for the number of transfected cells, as specified in the figure legends. Cells or neurons were considered to have multiple aggregates if two or more Sph1-GFP-or Myc-Sac3-positive small cytoplasmic inclusions were detected. Aggresome-positive cells were scored when a single perinuclear inclusion of Sph1-GFP or Myc-Sac3 was observed after proteasome inhibition in a microtubule-sensitive manner. Protein concentration was determined by bicinchoninic acid protein assay (Pierce). Protein levels were quantified from the intensity of the immunoblot bands by a laser scanner (Microtek) and UN-SCAN-IT software (Silk Scientific). Data are presented as mean Ϯ S.E. Statistical analysis was performed using Student's t test, with p Ͻ 0.05 considered as significant.
Results

Sph1
Interacts with the ArPIKfyve-Sac3 Complex-To identify novel interaction partners of the ArPIKfyve-Sac3 complex in the nervous system, mouse brain lysates were incubated with the ArPIKfyve-Sac3 complex, which was immunopurified using a monoclonal anti-Myc antibody from lysates of COS7 cells transfected with HA-ArPIKfyve-Myc-Sac3. Anti-Myc immunoprecipitates of nontransfected or Myc-Sac3-transfected COS7 cells, processed in parallel, served as controls. Mass spectrometric analysis was performed on gel pieces positioned above the 100-kDa protein band to avoid peptide frag-ments of ArPIKfyve, Sac3, and/or IgG sequences, which migrated below 100 kDa (not shown). Bioinformatics revealed several potential interactors in the brain, specifically captured by the HA-ArPIKfyve-Myc-Sac3 complex. Among the hits, Sph1 was one of the strongest candidates for two reasons: first, it was reproducibly identified by two specific peptides only in the lane of the ArPIKfyve-Sac3 complex but not in the control lanes; and second, it was retrieved from a gel band in the vicinity of 115-130 kDa, a gel area corresponding to the size of the full-length mouse clone (NP_080684). Human and mouse Sph1 exhibit similar open reading frames of 915 and 919 amino acid residues, respectively, and are highly homologous along the entire protein sequences, with ϳ97% identity in the ankyrinlike repeats and coiled-coil domain (24, 35) .
To confirm the predicted specific interaction, we took advantage of our stable HEK293 cell line expressing human HA-ArPIKfyve upon induction with doxycycline (further as iArPIKfyve-HEK) (6) , which provided relatively high efficiency for concurrent expression of the three proteins. Following transfection with human Sph1-GFP cDNA alone or with Myc-Sac3 cDNA and induction of human HA-ArPIKfyve, cell lysates were immunoprecipitated with anti-HA antibodies followed by SDS-PAGE and Western blotting. The membranes were then probed for each of the three proteins. As identified previously (1, 6) and confirmed herein, we recovered Sac3 in ArPIKfyve immunoprecipitates, as the two proteins form a stable complex ( Fig. 1A ). More importantly, however, we recovered Sph1-GFP by either anti-GFP or anti-Sph1 antibodies in the HA-ArPIKfyve immune complex but only if Myc-Sac3 was coexpressed ( Fig. 1A ).
An important aspect is whether the triple interaction occurs in the context of neuronal cells. To address this question, we conducted coimmunoprecipitation analyses with lysates from the human SH-SY5Y neuroblastoma cell line, in which the presence of endogenous Sph1 had been reported previously (36, 37) . As illustrated in Fig. 1B , we found a coimmunoprecipitated band of Sac3 only in immunoprecipitates of affinity-purified anti-ArPIKfyve antibodies but not in those of affinity-purified GDI2 antibodies, consistent with the established interaction of the endogenous ArPIKfyve-Sac3 proteins (3). More importantly, however, besides Sac3, in ArPIKfyve but not in the GDI2 immunoprecipitates we also retrieved Sph1, evidenced by visualizing a single anti-Sph1 immunoreactive band with electrophoretic mobility of Sph1 ( Fig. 1B) .
We also verified the triple interaction in vitro by using a purified His 6 -ArPIKfyve-Sac3 complex, produced by a multigene baculovirus system (2) and Sph1-Myc, immunopurified on an anti-Myc antibody from lysates of transfected COS7 cells (Fig.  1C ). As a control for specificity, we monitored the interaction of the His 6 -ArPIKfyve-Sac3 complex with anti-Myc-GDI2 immunoprecipitates derived from COS7 cells transfected in parallel with Myc-GDI2 cDNA. As illustrated in Fig. 1C , the purified recombinant His 6 -ArPIKfyve-Sac3 complex was recovered only with Sph1-Myc but not with Myc-GDI2. The fact that purified Sph1-Myc pulls down the recombinant ArPIKfyve-Sac3 complex produced in insect cells suggests that the specific interaction between Sph1 and the ArPIKfyve-Sac3 complex occurs directly. ArPIKfyve-Sac3 complex interacts with Sph1. A, ArPIKfyve-HEK cells were transfected with Sph1-GFP alone or together with Myc-Sac3 when expression of HA-ArPIKfyve was induced (i). Twenty-four h post-transfection/induction, the cells were scraped in RIPA ϩ buffer. Cleared lysates were immunoprecipitated (IP) with purified anti-HA IgG and processed by SDS-PAGE and Western blotting (WB) as specified under "Experimental Procedures." Shown are chemiluminescence detections of representative blots of three with similar results depicting the three proteins in input lysates and immunoprecipitations. Note the similar amounts of IP ArPIKfyve and that the band of Sph1-GFP (detected by anti-GFP and anti-Sph1 antibodies) is coimmunoprecipitated only when Sac3 is coexpressed/coimmunoprecipitated. B, RIPA ϩ lysate collected from SH-SY5Y neuroblastoma cells were immunoprecipitated with anti-ArPIKfyve or control anti-GDI2 antibodies, affinity-purified on an ArPIKfyve C-terminal peptide and His 6 -GDI2 protein, respectively. Immunoprecipitates were processed for SDS-PAGE and Western blotting with a stripping step between the indicated antibodies. Shown are chemiluminescence detections of representative blots of two with similar results, demonstrating specific bands corresponding to Sac3 and Sph1 electrophoretic mobilities (arrowheads), coimmunoprecipitated with anti-ArPIKfyve only but not with GDI2 antibodies. C, in vitro associations of purified recombinant His 6 -ArPIKfyve-Sac3 with immunopurified Sph1-Myc. Sph1-Myc and a control, Myc-GDI2, immunopurified on the anti-Myc antibody from RIPA ϩ lysates of transfected COS7 cells and immobilized on protein A-Sepharose CL-4B (PrA) beads were incubated with the His 6 -ArPIKfyve/Sac3 complex, purified from infected Sf21 cells on nickel-nitrilotriacetic acid-agarose. PrA beads alone were incubated in parallel. After washing, beads were subjected to SDS-PAGE and Western blotting. Nitrocellulose membranes were probed with anti-Myc and, after a horizontal cut through the middle, with anti-ArPIKfyve and anti-Sac3 antibodies (lower panels) with a stripping step in between. Shown are chemiluminescence detections of representative blots of three separate experiments, illustrating efficient pulldown of the purified ArPIKfyve-Sac3 recombinant complex by Sph1-Myc but not by Myc-GDI2 or protein A-Sepharose CL-4B.
ArPIKfyve-Sac3 Deficiency Enhances Aggregation of Sph1-
Sph1-GFP is an aggregation-prone protein that, at high levels of ectopic expression, forms multiple cytoplasmic aggregates in several cell types, including HEK293 cells (38, 39) . Consistently, along with diffuse distribution, we also observed multiple small aggregates of Sph1-GFP in 40 -45% of the transfected HEK293 cells ( Fig. 2A and B) . Notably, as complete deficiency of Sac3 leads to the appearance of cytoplasmic inclusions in different cells from both Sac3 KO mice and Yunis-Varon syndrome patients (14, 40) , a plausible role of Sac3 loss in protein aggregation could be anticipated. To address the outcome of Sac3 deficiency and, hence, the ArPIKfyve-Sac3 complex deficiency in aggregate formation by Sph1, we monitored the consequences of siRNA-mediated Sac3 protein depletion, alone or FIGURE 2. Deficiency of ArPIKfyve and/or Sac3, but not PIKfyve, facilitates aggregation of Sph1-GFP in non-neuronal and neuronal cells. A and B, HEK293 cells were transfected with the indicated siRNA duplexes. Forty-eight h post-siRNAs, cells were transfected with cDNA of Sph1-GFP and 24 h later were fixed and processed for fluorescence microscopy as described under "Experimental Procedures." Presented are typical fluorescence microscopy images of Sph1-GFP-positive cells treated with the indicated siRNAs (A); the data quantitation is expressed as a percentage of transfected cells with Sph1-GFP aggregates (B). The percentage of cells with multiple cytoplasmic aggregates was determined by viewing Ͼ100 GFP-positive cells from at least three random fields/ condition in three separate experiments. C-E, mouse cortical neurons, prepared from E18 mice and cultured on poly-D-lysine-coated glass coverslips for 3 days, were transfected with the indicated siRNA duplexes by RNAiMax as described under "Experimental Procedures." Forty-eight h later, neuronal cultures were transfected with cDNA of Sph1-GFP. Twenty-four to 48 h post-cDNA transfection, the neurons were fixed and processed for immunofluorescence with anti-MAP2 monoclonal, as a primary antibody, and anti-mouse Alexa Fluor 568 as a secondary antibody. Shown are representative fluorescence/immunofluorescence microscopy images of Sph1-GFP-expressing cells, for which the dendrites and soma are visualized by anti-MAP2 (C); and the quantitation of the Sph1-GFP aggregation under different conditions as a percentage of the transfected neurons shows depicting multiple small aggregates in soma and dendrites, determined by viewing Ͼ25 GFP-positive cells/condition in three separate experiments (D). Note that Sph1-GFP is predominantly diffuse in control neurons but forms multiple small aggregates under Sac3 depletion. Total RNA was harvested and analyzed by quantitative RT-PCR for Sac3 mRNA expression as described under "Experimental Procedures" (n ϭ 3, p Ͻ 0.001) (E). F-H, SH-SY5Y neuroblastoma were transfected with the indicated siRNA duplexes. Forty-eight h later, cells were transfected with cDNA of Sph1-GFP. Twenty-four h post-cDNA transfection, cells were either fixed for fluorescence microscopy (F) or lysed for Western blotting analysis (H) as described under "Experimental Procedures." Shown are representative fluorescence microscopy images of Sph1-GFP-positive cells treated with the indicated siRNAs, and the corresponding phase image, captured by Hoffman modulation contrast (F). Quantitation of the Sph1-GFP aggregation demonstrates a significant increase under Sac3 depletion (G). Chemiluminescence detection of a representative blot (in duplicates) of two separate experiments with similar results indicates marked decreases in endogenous Sac3 levels by Sac3-siRNA; the equal intensities of the unspecific bands (Unsp.) above Sac3 attest to equal loading (H). The percentage of cells with multiple small cytoplasmic aggregates was determined by viewing Ͼ50 GFP-positive cells from at least three random fields/condition in three separate experiments. *, significant increase in the proportion of cells with multiple small Sph1-GFP aggregates versus control (p Ͻ 0.05). Bar, 10 m.
combined with that of ArPIKfyve, in HEK293 cells transiently expressing Sph1-GFP. Consistent with our previous Western blot analyses in these cells (1, 3, 6, 19) confirmed herein (not shown), we observed a 70 -90% reduction in Sac3 or ArPIKfyve protein levels 72 h post-transfections with the corresponding human siRNA sequences as well as concomitant decreases in Sac3 protein levels upon ArPIKfyve depletion. Intriguingly, protein depletion of Sac3 or ArPIKfyve had a prominent effect on the aggregation propensity of Sph1, nearly doubling the proportion of cells with multiple small Sph1-GFP aggregates (Fig.  2, A and B) . The two siRNA pools harbor different seed region sequences, underscoring the specificity of the effect. Consistent with the marked reduction of the complex upon ablation of either ArPIKfyve or Sac3, the combined depletion of the two proteins only slightly increased the Sph1-GFP propensity to form multiple aggregates ( Fig. 2B ). By contrast, PIKfyve protein ablation did not significantly alter the proportion of cells with multiple small aggregates of Sph1-GFP (Fig. 2, A and B) , further supporting the notion that the ArPIKfyve-Sac3 complex affects Sph1 aggregative properties independently of the kinase.
To establish whether this increased aggregation of Sph1 at reduced levels of the ArPIKfyve-Sac3 complex is phenocopied in neurons, we knocked down Sac3 in primary E18 mouse cortical neuron cultures using previously validated mouse Sac3targeting siRNAs (3, 29) . The appearance of the expressed Sph1-GFP was compared with that in control neurons receiving siRNAs of mouse cyclophilin. Data quantitation with cortical neurons derived from three pregnancies revealed that in the control condition, expressed Sph1-GFP exhibited primarily a diffuse distribution pattern (Fig. 2 , C and D) in agreement with previous observations in HA-Sph1-transfected cortical neurons (41) . However, we detected aggregates of Sph1-GFP in ϳ10% of the transfected neurons (Fig. 2, C and D) . Intriguingly, under Sac3 depletion, evidenced by markedly reduced Sac3 mRNA levels ( Fig. 2E ), the number of Sph1-GFP-positive neurons with multiple small aggregates was markedly increased (Fig. 2D ). The aggregates were seen scattered throughout both the soma and dendrites, as revealed by staining with the neuronal marker MAP2 (Fig. 2C ).
To further validate the above observation for human neurons, we sought to explore the widely used human SH-SY5Y neuroblastoma cell line, where expressed Sph1-GFP was reported to have a diffuse distribution in the majority of transfected cells (42) . Consistently, under control transfection with cyclophilin siRNA, we also observed a diffuse pattern of Sph1-GFP expression in most of the transfected cells, with ϳ20% of the cells exhibiting multiple small Sph1-GFP-positive aggregates ( Fig. 2F) . Importantly, here once again we observed that protein depletion of Sac3 or ArPIKfyve prominently affected the aggregation propensity of Sph1, nearly doubling the proportion of cells with multiple small Sph1-GFP aggregates (Fig.  2, F-H, and data not shown) . Collectively, these data demonstrate that the reduction of the ArPIKfyve-Sac3 complex in either primary mouse neurons or human neuroblastoma cell line recapitulates the increased aggregation of Sph1 as observed in HEK293 cells. Our data further suggest that in physiological contexts the interaction between ArPIKfyve-Sac3 and Sph1 may stabilize Sph1, preventing its aggregation.
Elevated ArPIKfyve-Sac3 Complex Reduces Aggregation of Sph1 in COS Cells-Having established that ArPIKfyve and Sac3 protein depletion facilitates the aggregation of Sph1-GFP, we examined whether increased levels of the two proteins would have the opposite effect. To simultaneously elevate the three proteins at reasonable cell transfection efficiency, we first conducted experiments in COS7 cells proven prone to multigene expression (1, 2) . Similar to HEK293 cells, singly expressed Sph1-GFP in this cell type resulted in the formation of multiple small cytoplasmic aggregates in 40 -45% of the transfected cells ( Fig. 3) . Remarkably, however, when Sph1-GFP was co-transfected with ArPIKfyve and Sac3, the proportion of cells displaying multiple small aggregates of Sph1-GFP markedly diminished. Rather, the majority of the triply transfected cells (ϳ10% efficiency of triple transfections) displayed diffuse cytosolic fluorescence signals of Sph1-GFP ( Fig. 3) . Notably, if Myc-Sac3 or HA-ArPIKfyve were individually coexpressed with Sph1-GFP, a reduction in the proportion of cells with multiple small aggregates of Sph1-GFP was not apparent (Fig. 3B ). As discussed below, without ArPIKfyve, Myc-Sac3 expression even increased the aggregation of Sph1-GFP.
To further determine the requirement for ArPIKfyve-Sac3 complex formation in the observed functional effect on Sph1, we performed a similar Sph1-GFP aggregation assay in triply transfected COS7 cells but used instead of HA-ArPIKfyve WT an ArPIKfyve N-terminal fragment spanning residues 1-511. The partial ArPIKfyve-(1-511) protein does not associate with Sac3, as ArPIKfyve and Sac3 bind each other through their C termini as we established previously (1, 2) . Quantitation of three independent transfection experiments revealed that, in contrast to ArPIKfyve WT , coexpression of HA-ArPIKfyve 1-511 with Myc-Sac3 did not decrease the proportion of cells with Sph1-GFP aggregates; in fact, it even increased it, despite the similar expression levels of Sph1-GFP in both triple transfection conditions (Fig. 3B , not shown, and see further). These data indicate that only ArPIKfyve WT , competent in forming a stable complex with coexpressed Sac3, can reduce the aggregation propensity of Sph1-GFP.
Elevated ArPIKfyve-Sac3 Complex Attenuates Sph1 Aggregation in a HEK293 Cell Line-To confirm the above data for another cell type and by an approach amenable to biochemical quantitation, we used our HEK293 stable cell line inducibly expressing HA-ArPIKfyve. As established previously and confirmed here, the induced levels of HA-ArPIKfyve in the iArPIKfyve-HEK cells increased by Ͼ10-fold over the endogenous protein, whereas those of Sac3 were elevated by 2-fold (6) . To produce commensurate increases in Sac3 levels and, hence, to elevate the ArPIKfyve-Sac3 complex, we coexpressed Myc-Sac3 and inspected the aggregation properties of Sph1-GFP by fluorescent microscopy. Roughly 40 -45% of singly Sph1-GFPtransfected ArPIKfyve-HEK cells, both Dox-induced and noninduced, exhibited multiple small aggregates of Sph1-GFP (Fig.  4, A and B) . Notably, similar to the triply transfected COS cells, the proportion of cells with aggregates was markedly diminished in iArPIKfyve-HEK cells if Myc-Sac3 was coexpressed. As illustrated in Fig. 4A , the appearance of Sph1-GFP-associated fluorescence was rendered diffuse in the majority of the doubly transfected iArPIKfyve-HEK cells.
To confirm this observation biochemically, we quantified the ratio of soluble versus insoluble Sph1-GFP in the presence or absence of coexpressed ArPIKfyve-Sac3. Parallel dishes of Sph1-GFP-transfected ArPIKfyve-HEK cells, with or without Myc-Sac3 co-transfection/ArPIKfyve induction, were treated for 2 min with 0.5% Triton X-100 followed by cell scraping in RIPA buffer (30) . As illustrated in Fig. 4C , whereas Sph1-GFP levels in the total fraction were comparable in the singly and triply expressing cells, they decreased in the Triton-insoluble fraction and slightly increased in the soluble fraction if cells coexpressed HA-ArPIKfyve and Myc-Sac3 (Fig. 4D ). Together, these data indicate that the ArPIKfyve-Sac3 complex causes a sustained reduction of Sph1 aggregation by increasing Sph1 partitioning into the cytosol.
Elevated ArPIKfyve-Sac3 Protein Complex Fails to Alter the Aggregation of GFAP-The fact that the ArPIKfyve-Sac3 complex interacts with Sph1 suggests that it modulates the aggregation properties of Sph1 in a specific manner. To support this conclusion further, we used a different aggregation-prone protein, GFAP, linked to a neurological condition known as Alexander disease (43) . Like Sph1, in disease or upon heterologous expression in mammalian cells, GFAP forms multiple small cytoplasmic aggregates (44) . This observation was confirmed herein for GFP-GFAP-transfected COS7 (Fig. 5A) and ArPIKfyve-HEK cells (Fig. 5C ), where we documented multiple small aggregates in ϳ85% of the GFP-GFAP-transfected cells with or without ArPIKfyve coexpression (Fig. 5, B and D) . However, in contrast to Sph1-GFP, coexpression of ArPIKfyve and Sac3 in these cells by transfections and induction did not alter the aggregation properties of GFP-GFAP, as evidenced by the sustained appearance of multiple small aggregates of GFP-GFAP in the triply expressing COS7 or iArPIKfyve-HEK cells (Fig. 5 ). Together, these data indicate that increased expression levels of ArPIKyve-Sac3 selectively reduce the aggregation properties of Sph1-GFP.
ArPIKfyve-Sac3 Complex Attenuates Aggresome Formation of Sph1 under Proteasome Inhibition-To reveal the cellular mechanism(s) by which the ArPIKfyve-Sac3 complex leads to reduced aggregation of Sph1, we used a pharmacological approach. Previous studies have established that in HEK293 cells, Sph1-GFP is degraded by the ubiquitin-proteasome system (45, 46) . Therefore, we surmised that our observation for down-regulated aggregation of Sph1-GFP could result, in part, by facilitated Sph1 recruitment for clearance by the proteasome in a manner directly or indirectly dependent on its interaction with the ArPIKfyve-Sac3 complex. To address this potential mechanism, we used the aldehyde peptide MG132, a well characterized inhibitor of the 26 S proteasome, aiming at suppressing Sph1 clearance. Such a treatment in HEK293 cells has been ArPIKfyve-HEK cells were transfected with cDNA of Sph1-GFP alone or together with that of Myc-Sac3 when HA-ArPIKfyve expression was induced (i) or not induced. On the next day cells were either processed for immunofluorescence microscopy (A and B) or underwent protein fractionation to obtain total protein, Triton X-100-soluble, and Triton X-100-insoluble fractions (C and D) as detailed under "Experimental Procedures." A, following fixation and permeabilization, cells were stained with anti-Myc and observed by immunofluorescence microscopy. Shown are typical images of cells with multiple small aggregates by single expression of Sph1-GFP (a) or with diffuse distribution of Sph1-GFP if Myc-Sac3 and HA-ArPIKfyve were coexpressed (b and c). Bar, 10 m. B, quantitation of Sph1-GFP aggregates under these conditions, presented as a percentage of cells with multiple cytoplasmic aggregates as determined by viewing more than 100 GFP-positive cells from at least three random fields/condition. *, different versus singly Sph1-GFP-transfected cells, p Ͻ 0.05. Note that expression of HA-ArPIKfyve alone did not significantly alter the percentage of cells with multiple aggregates of Sph1-GFP. C, transfected ArPIKfyve-HEK cells were treated with Triton X-100 in PBS to extract the soluble proteins and then scraped in RIPA ϩ buffer ϩ 0.1% SDS to collect the insoluble proteins. Cells from a duplicate dish were scraped in RIPA ϩ /0.1% SDS to recover total proteins. Equal volumes of the respective fractions were analyzed by Western blotting. Shown are chemiluminescence detections of representative blots illustrating that the partitioning of Sph1-GFP in the insoluble fraction was diminished when coexpressed with Myc-Sac3 and HA-ArPIKfyve. Note that levels of total Sph1-GFP were identical between the singly and triply expressing cells. D, relative quantitation by densitometry from three separate Western blots with similar results. *, p Ͻ 0.05.
shown to result in the formation of a single perinuclear aggresome of Sph1-GFP, resembling Lewy body cytoplasmic inclusions, in a manner independent of Sph1 expression levels but dependent on an intact microtubule network (38, 39, 45) . Accordingly, our fluorescence microscopy analyses in MG132treated triply transfected COS7 cells also revealed aggresome formation in ϳ80% of the Sph1-GFP transfected cells, occurring in a microtubule-dependent manner (Fig. 6, A and B, and not shown). Remarkably, co-expression of ArPIKfyve-Sac3 markedly reduced the proportion of cells displaying a single Sph1-GFP-positive aggresome (Fig. 6, A and B) . Rather, in the triply transfected cells we observed predominantly diffuse fluorescence signals of Sph1-GFP, indicative of cytosolic distribution (Fig. 6A) . Consistently, MG132 treatment in iArPIKfyve-HEK cells co-expressing Myc-Sac3 and Sph1-GFP yielded analogous results (Fig. 6C ), suggesting the general significance of ArPIKfyve-Sac3-dependent suppression of aggresome formation by Sph1-GFP upon proteolytic inhibition. Together, these data corroborate the conclusion that accelerated proteasomal degradation does not underlie the observed reduction in aggregation/aggresome formation of Sph1-GFP in the presence of overexpressed ArPIKfyve-Sac3.
If ectopically expressed Sac3 is not stabilized through binding to ArPIKfyve, it is quickly degraded by the proteasome (6) . Intriguingly, analogous to Sph1-GFP, we observed here that proteasome inhibition by MG132 in both transfected COS7 (Fig. 6A, c, arrow) and HEK293 cells (Fig. 6D ) also triggered the recruitment of ectopically expressed Sac3 to the aggresome observed in ϳ70% of the transfected cells. The aggresome formation of HA-Sac3 was verified by the requirement for an intact microtubule network (Fig. 6D, b) . Remarkably, if cells were concurrently co-transfected with Myc-ArPIKfyve and HA-Sac3, MG132 failed to form HA-Sac3-positive aggresomes in practically all of the doubly transfected HEK293 cells (Fig. 6,  D and E) . Rather, the immunofluorescence signals of HA-Sac3 and, hence, Myc-ArPIKfyve were diffuse, indicative of a cytosolic distribution. Likewise, whereas ϳ10% of the singly transfected cells also formed multiple small aggregates of HA-Sac3 under proteasome inhibition (Fig. 6E ), this number was reduced down to ϳ1% if the HA-Sac3-expressing cells coexpressed Myc-ArPIKfyve (Fig. 6E) . These data suggest that upon ArPIKfyve binding, Sac3 is solubilized and that, once formed, the complex is kept stable in the cytosol, preventing aggregation and aggresome formation of Sac3 under proteasome inhibition.
ArPIKfyve-Sac3 Complex Fails to Reduce Aggregation of Sph1-GFP under Arrested Basal Autophagy-Another mechanism by which the ArPIKfyve-Sac3 complex may reduce aggregates of Sph1-GFP is through the acceleration of autolysosomal clearance. The rationale for this prediction stems from findings for the removal of Sph1 aggregates by constitutive autophagy in SH-SY5Y cells (42) and for arrested autophagic progression in Sac3-deficient cells (7) . Moreover, the ArPIKfyve-Sac3 complex, alone or with PIKfyve, has been reported to be essential for the proper performance of the endolysosomal system (5) . To this end, we inhibited basal autophagy with 3-MA, which blocks the activity of Vps34, a key player in autophagosome formation (47) . 3-MA-treatment of Sph1-GFP-transfected ArPIKfyve-HEK cells in serum-containing media resulted in profound increases in the proportion of cells with Sph1-GFP aggregates, 
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consistent with their arrested clearance through basal quality control autophagy (Fig. 7) . Intriguingly, however, coexpression of Sac3 and ArPIKfyve did not ameliorate the aggregation of Sph1-GFP in the presence of 3-MA inhibition (Fig. 7B) . Because Vps34-synthesized PtdIns3P serves as a main substrate for PtdIns(3,5)P 2 production by PIKfyve (48), 3-MA may potentially affect Sac3 phosphatase functionality in a manner unrelated to basal autophagy. However, we observed a similar inability of expressed ArPIKfyve-Sac3 to reduce Sph1-GFP aggregation in iArPIKfyve-HEK cells upon inhibiting basal autophagy by chloroquine, a compound that acts in a Vps34-unrelated manner (data not shown). These data corroborate the notion that ArPIKfyve-Sac3 complex directly or indirectly facilitates the clearance of Sph1 aggregates through constitutive autophagy.
ArPIKfyve-Sac3-dependent Attenuation of Aggregation by Sph1-GFP Requires Active Sac3 Phosphatase-To gain further mechanistic insights as to whether the observed ArPIKfyve-Sac3-dependent attenuation in aggregation propensity of NOVEMBER 20, 2015 • VOLUME 290 • NUMBER 47
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Sph1-GFP is related to Sac3 phosphatase activity, we used a phosphatase-deficient point mutant, Sac3 D488A , carrying a substitution within the active site. As we had established previously, this substitution does not alter the ability of Sac3 D488A to bind ArPIKfyve (1) (2) (3) . To this end, we coexpressed Sph1-GFP with HA-Sac3 D488A or HA-Sac3 WT in iArPIKfyve-HEK cells and monitored the aggregation of Sph1-GFP by fluorescence microscopy. Detection of Sac3 proteins was achieved with affinity-purified anti-Sac3 antibodies (3), as the HA-tag was also present in ArPIKfyve. Remarkably, we observed significant differences in the proportion of cells with aggregates of Sph1-GFP dependent on the presence or absence of Sac3 phosphatase activity. Thus, unlike with HA-Sac3 WT , in the presence of iArPIKfyve the aggregation potential of Sph1-GFP was not reduced by coexpressed HA-Sac3 D488A , despite the diffuse cytosolic distribution of the latter, indicative of binding to and solubilization by ArPIKfyve (Fig. 8A) . Likewise, aggresome formation of Sph1-GFP upon proteolytic stress was not attenuated if the phosphatase-inactive Sac3 D488A was present instead of Sac3 WT (not shown). These data suggest that the effect of ArPIKfyve-Sac3 in reducing aggregation of Sph1-GFP proceeds in a manner dependent on Sac3 phosphatase activity.
Coexpressed Sph1 and Sac3 Potentiate each Other's Aggregation in a Manner Reversible by ArPIKfyve-While conducting pairwise protein overexpression, we noted that in the absence of ArPIKfyve, Myc-Sac3 augmented cytoplasmic inclusion formation by Sph1-GFP ( Figs. 3B and 6A, c) . This observation, coupled with the documented presence of both Sac3 and Sph1 in Lewy bodies in patients with Lewy body dementia pathologies and ␣-synucleinopathies (49, 50) , prompted us to scrutinize the inclusion formation upon binary expression of Sac3 and Sph1. We used Sph1-GFP and Myc-Sac3, which, as indicated above, when expressed individually, formed multiple small aggregates in ϳ45 and 10%, respectively, of the transfected ArPIKfyve-HEK cells. Intriguingly, coexpression of Sph1-GFP with Myc-Sac3 resulted in a markedly greater proportion of cells with aggregates of Sph1, reaching as high as 80 -85% of the doubly transfected cells at 24 -48 h post-transfection (Fig. 9A ). The proportion of cells with multiple Myc-Sac3-positive aggregates was also profoundly increased (Ͼ3fold) in the presence of Sph1-GFP coexpression (Fig. 9B) . Confocal microscopy examination of the doubly transfected cells visualized individual Myc-Sac3 or Sph1-GFP-positive aggregates (Fig. 9C, a-c) , consistent with the lack of physical interaction between Sph1 and Sac3. However, in some cells, we saw aggregates positive for both proteins to coalesce (Fig. 9C , d-f) or Myc-Sac3 fluorescence signals to surround the foci of Sph1-GFP fluorescence (Fig. 9C, g-i) .
To determine whether these aggregates could still be dispersed by ArPIKfyve overexpression, at 24 h post-Myc-Sac3/ Sph1-GFP transfection, ArPIKfyve-HEK cells were induced to express ArPIKfyve. Remarkably, we observed profound decreases in the proportion of cells with Myc-Sac3 and Sph1-GFP aggregates upon overexpression of ArPIKfyve (Fig. 9, A  and B) . Concordantly, biochemical analyses indicated significant levels of Myc-Sac3 and Sph1-GFP in the Triton-insoluble fraction, both of which decreased subsequent to ArPIKfyve expression ( Fig. 9D ). Together, these data demonstrate that the presence of aggregates of Sph1 instigates Sac3 aggregation, and vice versa, that high levels of aggregated Sac3 promote Sph1 aggregation. Significantly, these data indicate that once formed, Sph1 or Sac3 aggregates could be dissociated by overexpression of ArPIKfyve.
The ability of the Sac3-ArPIKfyve complex to disintegrate already formed Sph1 aggregates was also verified by another approach in which parallel dishes of the ArPIKfyve-HEK cell line were first transfected with Sph1-GFP and 24 h later were transfected/induced to express the Myc-Sac3/HA-ArPIKfyve. The results from these experiments also demonstrated a small but statistically significant reduction (ϳ20% decrease, p Ͻ 0.05) in the proportion of cells with aggregates of Sph1-GFP. Notably, cells with Myc-Sac3 aggregates were only rarely seen under these conditions, consistent with Myc-Sac3 solubilization upon FIGURE 8 . Reduced aggregation of Sph1-GFP by ArPIKfyve-Sac3 requires active Sac3 phosphatase. ArPIKfyve-HEK cells were co-transfected with cDNAs of Sph1-GFP and either HA-Sac3 WT or the phosphatase inactive mutant HA-Sac3 D488A when ArPIKfyve expression was induced (i). On the next day, iArPIKfyve-HEK cells were fixed, permeabilized, and stained with affinitypurified anti-Sac3 antibodies and CY3-conjugated anti-rabbit secondary antibody as described under "Experimental Procedures." A, shown are representative images of iArPIKfyve-HEK cells co-transfected with HA-Sac3 WT and Sph1-GFP (a and b) or co-transfected with HA-Sac3 D488A and Sph1-GFP (c and d). Note the diffuse Sph1-GFP distribution with coexpressed HA-Sac3 WT but multiple small aggregates with coexpressed HA-Sac3 D488A (arrowheads). Bar, 10 m. B, the proportion of Sac3 WT /Sac3 D488A -positive cells with multiple small Sph1 WT -GFP aggregates was determined by counting Ͼ100 doubly transfected cells from random fields per condition from three separate experiments, and presented as the relative fold difference. *, p Ͻ 0.05. concurrent expression of ArPIKfyve. Together, these data further indicate that even when formed, a subpopulation of aggregates of Sph1 is competent for solubilization and removal by the ArPIKfyve-Sac3 complex.
Discussion
Cytoplasmic aggregates and inclusions are pathological hallmarks of a number of neurodegenerative diseases, including Parkinson disease, in which the presence of ␣-Syn inclusions is associated with the onset and progression of the disease (51) (52) (53) . Studies in cell systems have established that ␣-Syn aggregation is potentiated through interaction with Sph1 (23, 50, 54) . Concordantly, post mortem brain examinations have demonstrated that both Sph1 and ␣-Syn are major molecular components of Lewy bodies found in ␣-synucleinopathies (25, 50) . In this study, we identified for the first time that Sph1 interacts with the heterodimeric complex that comprises PtdIns(3,5)P 2 5-phosphatase Sac3 and the scaffolding protein ArPIKfyve in both neuronal and non-neuronal cells (Fig. 1, A and B) . The interaction is most likely direct, as judged by the ability of immunopurified Sph1-Myc to capture specifically the purified ArPIKfyve-Sac3 complex produced by a baculovirus expression system (Fig. 1C) . By biochemical and/or morphological approaches in HEK293, COS, and SH-SY5Y cell lines or primary mouse cortical neurons, we further showed that protein knockdown of ArPIKfyve, Sac3, or both increased the proportion of cells with multiple aggregates of Sph1-GFP (Fig. 2) , whereas elevated ArPIKfyve-Sac3 complex reduced aggregate formation, increasing the soluble form of Sph1-GFP ( Figs. 3  and 4 ). Notably, whereas both Sph1-GFP and GFP-GFAP are aggregation-prone proteins, ArPIKfyve-Sac3-dependent reduction in aggregation was observed only for Sph1-GFP but not for GFP-GFAP ( Figs. 3-5 ), underscoring the specificity of the Sph1 physical interaction with the ArPIKfyve-Sac3 complex in this effect. Importantly, the response to proteolytic stress that triggers coalescence of multiple small aggregates of Sph1-GFP into a single aggresome in a manner unrelated to protein expression levels (39) was also attenuated if the ArPIKfyve-Sac3 complex was coexpressed ( Fig. 6 ). By contrast, the ArPIKfyve-Sac3 complex was largely ineffective in reducing aggregation of Sph1 if constitutive autophagy was inhibited ( Fig. 7) . These data are consistent with the notion that ArPIKfyve-Sac3 reduces aggregation of Sph1-GFP through several mechanisms: first, by stabilization of Sph1 in the cytosol through formation of a soluble ArPIKfyve-Sac3-Sph1 complex; second, by recruitment of aggregated Sph1 by cytosolic ArPIKfyve-Sac3; and third, by removal of Sph1 aggregates via basal quality control autophagy. The proposed model is presented in Fig. 10 .
An important insight in our study is that the Sac3-ArPIKfyve-dependent reduction of aggregates formed by Sph1 requires active Sac3 phosphatase activity. This conclusion was based on our finding for the inability of the phosphatase-deficient point mutant Sac3 D488 , carrying substitution in the conserved signature motif C(X) 5 R(S/T) of the Sac3 active site, to elicit this effect (Fig. 8) , despite intact binding to ArPIKfyve (2) . Whereas defective phosphoinositide metabolism as causative in Parkinsonism is elusive, its potential role is suggested by the fact that two hereditary disease-related proteins, i.e. PARK6 and PARK20, are linked with the 3-and 5-phosphoinositide phosphatase activities of PTEN and SNJ1, respectively, both of which also harbor the signature C(X) 5 R(S/T) motif (55, 56). On the next day cells were processed for fluorescence microscopy (A-C) or underwent protein fractionation to obtain Triton X-100-soluble and -insoluble fractions (D) as detailed under "Experimental Procedures." A and B, quantitation of the fluorescence microscopy indicating the percentage of cells with multiple aggregates of Sph1-GFP and/or Myc-Sac3 determined by viewing Ͼ100 doubly transfected cells/condition in three separate experiments. Note the marked increase of cells with multiple aggregates of Sph1-GFP and Myc-Sac3 in the co-transfected cells (#, different versus singly transfected cells, p Ͻ 0.05) and the significant diminution of aggregates by both proteins upon ArPIKfyve expression (*, different versus singly and doubly transfected cells, p Ͻ 0.05). C, confocal microscopy of co-transfected Sph1-GFP/Myc-Sac3 non-induced cells performed as detailed under "Experimental Procedures." Representative images illustrating three typical observations: a-c, individual Sph1-GFP-positive small aggregates with no colocalization with Myc-Sac3 as apparent by the green aggregates in the merged images and inset in c. d-f, coalescence of some aggregates formed by Sph1-GFP (d, small arrowheads) and Myc-Sac3 (e, arrowheads) as apparent by the yellow aggregates in the merged image and inset in f. g-i, Myc-Sac3 inclusions forming rings surrounding aggregates by Sph1-GFP as evident by the presence of yellow as well as separate green and red in the merged image and inset in i. Bar, 10 m. D, cells were treated with Triton X-100 to extract the soluble proteins and then scraped in RIPA ϩ /0.1% SDS to collect the insoluble proteins. An equal volume of the respective fraction was analyzed by Western blotting. Shown are chemiluminescence detections of representative blots illustrating that HA-ArPIKfyve expression diminished Sph1-GFP and Myc-Sac3 levels in the Triton X-100-insoluble fraction but increased these levels in the Triton X-100-soluble fraction.
Reported alterations in mouse models with Pten-deficient dopaminergic neurons also corroborate the role of phosphoinositides (57) . Furthermore, the central region of Sph1, which encompasses ankyrin repeats and the coiled-coil domain, is required for the formation of both multiple small aggregates in basal conditions and a single aggresome upon proteasome inhibition (39) . Although our study did not pinpoint the domain interactions, we speculate that the binding between the ArPIKfyve-Sac3 complex and Sph1 engages this central region of the Sph1 molecule. It is conceivable that by shielding the hydrophobic domains, ArPIKfyve-Sac3 stabilizes the Sph1-GFP protein in the cytosol, thereby diminishing its aggregation propensity and aggresome formation upon proteolytic stress (Fig. 6 ). It will be important in future studies to clarify details about the relationship between the aggregation properties of Sph1 and PtdIns(3,5)P 2 /PtdIns5P turnover as well as the domain interactions.
One particularly important observation in our study was the ability of the expressed ArPIKfyve-Sac3 complex to disperse already formed multiple aggregates of Sph1-GFP, which was apparent if the basal autophagy was intact. This effect was prominent under the setting of marked increases of Sph1-GFP aggregation if coexpressed with Sac3 in the absence of ArPIKfyve. Under these conditions, we observed an increased aggregation propensity not only of Sph1 but also of Sac3 ( Fig. 9) , likely due to the molecularly crowded environment created by the excessive accumulation of the aggregation-prone proteins, whereby aggregates of Sph1 may act as a seed for Sac3 aggregation. Notably, overexpressed ArPIKfyve alone did not alter the aggregation propensity of Sph1-GFP, whereas it reduced that of Sac3 (Figs. 4, 6, and 9) , likely due to the binding and stabilizing of Sac3 in the cytosol. These data suggest that in the presence of aggregates by both Sac3 and Sph1, the observed reduced aggregation properties of Sph1-GFP upon ArPIKfyve coexpression is secondary to Sac3 shifting from a form of multiple small aggregates to a soluble complex with ArPIKfyve ( Fig. 10) . These findings and considerations further substantiate our conclusion that the elevated ArPIKfyve-Sac3 complex not only prevents the formation but also promotes the breakdown of already formed aggregates by Sph1-GFP ( Fig. 10) .
That excessive levels of Sac3 and Sph1 can instigate profound protein aggregation is particularly intriguing in light of recent immunofluorescence microscopy studies documenting Sac3 together with ␣-Syn in Lewy bodies in PD and Lewy body dementia patients (49) . Notably, in some Sac3/Sph1-coexpressing cells we also observed coalescence of Myc-Sac3 and Sph1-GFP-associated fluorescence within the cytoplasmic inclusions ( Fig. 9C) , implying a potential link of Sac3 with ␣-Syn. Although FIG4/SAC3 gene amplification or gain-of-function polymorphism in PD has not yet been reported, excessive accumulation of Sac3 protein has been observed recently in triple negative breast cancer cell types (58) . These data, together with the evidence that some forms of PD pathology are triggered by multiplication of the SNCA gene and/or elevated expression of ␣-Syn, which increase ␣-Syn propensity to aggregate (53, 59, 60) , make the FIG4/SAC3 genome-wide association study in the PD cases an important objective. The neuropathology in patients with familial Parkinsonism, in addition to a nigral neuronal loss and the presence of widespread Lewy bodies in the brainstem or cerebral cortex, is characterized by vacuolation within the temporal lobe and lower neurons (61) (62) (63) . Notably, the known FIG/SAC3-linked neurological disorders in humans or mice (pale tremor mice) are all triggered by Sac3 deficiency and are associated with neuronal vacuolation or the accumulation of electron-dense inclusion bodies in different cell types (5, 9, 14, 15, 40) . Consistently, we also observed increased cytoplasmic inclusions of Sph1 upon Sac3 depletion in both neuronal and non-neuronal cells (Fig. 2) . Together, the data from our study coupled with those in the literature support the conclusion that both the excessive accumulation and protein deficiency of Sac3 potentiate the aggregation of Sph1, and thus either condition could precipitate the PD onset.
That the ArPIKfyve-Sac3 complex could shift Sph1 distribution from a form of multiple aggregates toward the soluble form suggests potential therapeutic potential for this phenomenon. Whereas inclusion formation is considered a common pathological hallmark of many neurodegenerative disorders, views on whether inclusions are neuroprotective or toxic are discordant FIGURE 10 . Functional significance of the ArPIKfyve-Sac3 complex interactions. A, Sac3 is stabilized in the cytosol by binding ArPIKfyve and forming the ArPIKfyve-Sac3 (ArS) complex (6) . A subfraction of the cytosolic ArPIKfyve-Sac3 complex is recruited to endosomal membranes where it interacts with PIKfyve (PAS) to facilitate the synthesis and turnover of PtdIns(3,5)P 2 (1, 2) or forms a triple complex with Sph1 in the cytosol (SAS, Sac3-ArPIKfyve-Sph1; this study). B, proposed mechanisms by which the ArS complex reduces aggregate formation by Sph1. Through direct physical interaction, ArPIKfyve stabilizes and solubilizes Sac3, which prevents Sac3 proteasome degradation and aggregation. The ArS complex interacts with Sph1 in the cytosol preventing misfolding, aggregation, and aggresome formation upon proteolytic stress of Sph1 (a). Formation of multiple small aggregates of Sph1 is attenuated upon interaction with the ArS complex and the formation of a soluble SAS complex (b) or by clearance through constitutive autophagy facilitated by the ArS complex (c). A single large aggresome of Sph1 formed by proteasome inhibition can be removed by induced autophagy (42) . The effect of the ArS complex in this step has not been examined. (51) . In regard to aggregation by ␣-Syn/Sph1, the majority of studies in cell or mouse models support the view that the aggregates are toxic (64 -70) . Future attempts to block aggregate formation or to break down formed aggregates of Sph1 based on the ArPIKfyve-Sac3 complex may prove beneficial as a therapeutic approach to reducing neurodegeneration in PD. In any case, the current study provides new insights and important clues about the molecular means for reducing cytoplasmic aggregates formed by Sph1 or Sac3.
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